INTRODUCTION
The use of probiotic bacteria to improve human and animal health has enjoyed a renaissance in the past decade. Companies in the food and dietary supplement industries have increasingly been adding probiotic strains to several different products and touting a variety of health benefits associated with these foods. Recent clinical trials have shown that probiotics are effective in treating a variety of ailments, including diarrhoea, colic, eczema and pouchitis (Floch et al., 2008; Savino et al., 2007; Wickens et al., 2008) . However, most of these trials are small, and to date few well-controlled large-scale clinical trials have been conducted, so the efficacy of probiotics in many diseases remains to be proven. A number of mechanisms by which probiotics exert their beneficial effects have been proposed, including the modulation of the immune system, the alteration of the intestinal microbiota, and the production of antimicrobial compounds that inhibit the growth of pathogens (Marco et al., 2006; O'Hara & Shanahan, 2007) . Understanding the mechanisms that are actively contributing to the beneficial effects of probiotics will be an important step in tapping the true potential of these organisms in benefiting health.
Strains of Lactobacillus reuteri have been shown to be effective against a variety of ailments, including diarrhoea and colic (Rosenfeldt et al., 2002a, b; Savino et al., 2007; Weizman et al., 2005) . One of the proposed mechanisms of action that L. reuteri uses to effect probiosis is the production of the antimicrobial compound 3-hydroxypropionaldehyde (3-HPA), also referred to as reuterin (Talarico et al., 1988) . Reuterin is produced as an intermediate step in the conversion of glycerol to 1,3-propanediol, a pathway proposed to regenerate NAD + from NADH and to contribute to improved growth yield (Luthi-Peng et al., 2002) . Reuterin is metabolized in a specialized bacterial compartment called the metabolosome, perhaps due to its toxicity (Sriramulu et al., 2008) . For reasons that are unclear, L. reuteri secretes high levels of reuterin when grown or incubated in the presence of excess amounts of glycerol. Reuterin has been shown to be bioactive against bacteria, viruses and fungi (Chung et al., 1989; Cleusix et al., 2007) , and has been studied as a possible additive to prevent food spoilage and pathogen growth in food (Arques et al., 2004 (Arques et al., , 2008 . Recent work using germ-free mice mono-associated with a reuterinproducing strain of L. reuteri has demonstrated that reuterin can be produced by L. reuteri in vivo, indicating that the in vitro antimicrobial activity occurs in the gastrointestinal tract (Morita et al., 2008) .
The aldehyde group of reuterin is highly reactive and thus reuterin can form additional compounds in aqueous solution (Vollenweider & Lacroix, 2004) . Reuterin can dimerize, forming HPA dimer, or can be hydrated to form HPA hydrate (Fig. 1) . Reuterin can also be dehydrated into the toxic compound acrolein. Because reuterin can be converted into these various compounds, the mechanism by which reuterin exerts its antimicrobial effects has been difficult to determine. Two main hypotheses have been proposed. First, the aldehyde group of reuterin is proposed to be highly reactive with thiol groups and primary amines, and therefore reuterin could inactivate proteins and small molecules containing these groups (Vollenweider & Lacroix, 2004) . This would explain the broad spectrum of bacteria, fungi and viruses affected by reuterin. Alternatively, the dimeric form of reuterin, HPA dimer, which is structurally similar to a ribose sugar, could specifically block the enzyme ribonucleotide reductase by acting as a competitive inhibitor. This enzyme is required for the generation of deoxynucleotides, which are required for DNA synthesis. An earlier report has suggested that reuterin could indeed inhibit ribonucleotide reductase and possibly exert its broad-spectrum effects through this inhibition (Talarico & Dobrogosz, 1989) . Because the active site of this enzyme contains a thiol group, it is impossible to determine which proposed mode of action is correct from earlier experiments.
We were interested in further exploring the expression of reuterin in L. reuteri as well as its mode of action. Our work demonstrates that reuterin is produced solely by the enzyme glycerol dehydratase and that direct contact with other bacteria can stimulate reuterin production or secretion. Several lines of in vivo and in vitro evidence indicate that the aldehyde form of reuterin is the bioactive agent and that this causes an oxidative stress response by modifying thiol groups inside cells.
METHODS
Bacterial strains, media, and growth conditions. Strains used in this study are listed in Table 1 . L. reuteri was grown in liquid culture under hypoxic conditions (2 % O 2 , 5 % CO 2 , balanced with N 2 ) in de Man, Rogosa and Sharpe (MRS) broth (BD Difco). L. reuteri was also grown on plates under anaerobic conditions using the GasPak EZ anaerobe Container System (BD Difco) on MRS agar (BD Difco) at 37 uC for 24-48 h. L. reuteri mutants were grown in the presence of 10 mg erythromycin ml
21
. Bacillus subtilis, Citrobacter rodentium and Escherichia coli strains were grown in liquid culture in LB broth (BD Difco) at 37 uC under aerobic conditions. Clostridium difficile strain CD630 was grown in brain heart infusion media (Fluka) supplemented with yeast extract (5 mg ml
, BD Difco) under anaerobic conditions in a Coy Laboratory anaerobic chamber.
Reuterin production and purification. Reuterin was produced from L. reuteri cultures using methods described elsewhere (Talarico & Dobrogosz, 1989; Vollenweider et al., 2003) . Briefly, cells were harvested from liquid cultures of L. reuteri by centrifugation and washed twice with 50 mM sodium phosphate buffer (pH 7.4). Approximately 150 mg cells (wet weight) were resuspended in 15 ml 250 mM glycerol and transferred to 15 ml screw-capped tubes; if needed, the appropriate amount of other bacteria was added as described below. The cells in glycerol were incubated at 37 uC for 2 h. Reuterin was collected by pelleting the cells and filtering the supernatants through 0.22 mm pore-size filters (Millipore). The resulting cell-free supernatant was shown by HPLC to contain only reuterin and glycerol (see Methods, HPLC, below).
Reuterin quantification and activity. Reuterin was quantified using an adapted colorimetric assay described by Doleyres et al. (2005) ; reuterin samples were diluted 10-fold in water and the A 560 was determined on a Spectramax model M5 microplate reader (Molecular Devices). The antimicrobial activity of reuterin was quantified using a MIC assay described by Chung et al. (1989) and adapted for use in a 96-well format. Relative reuterin concentration (units reuterin ml 21 ) was defined as the reciprocal of the sample dilution preceding the dilution that allowed cell growth. E. coli DH5a cells were grown overnight at 37 uC in LB broth and diluted to approximately 10 4 cells ml 21 . Twofold serial dilutions of reuterin-containing cell-free supernatant samples were prepared with water in 96-well 0.4 ml deep-well flat-bottomed plates (Nalge Nunc) in a total volume of 150 ml per well. A 150 ml volume of the E. coli suspension was added to each well and the plates were incubated aerobically at 37 uC overnight. Water was assayed in place of reuterin as a positive growth control. OD 600 values were measured in a Spectramax model M5. The absence of a turbid culture after overnight growth was interpreted as growth inhibition by reuterin. For the experiments assaying reuterin activity in the presence of cysteine, valine or serine, each amino acid (Sigma-Aldrich) was added to each well to a final concentration of 600 mM.
Microarray experiments. Oligonucleotide microarrays for E. coli were obtained from T. Whittam (Michigan State University, East Lansing, MI) (Bergholz et al., 2007) . The microarrays were printed onto Corning UltraGap slides at the Research Technology Support Facility at Michigan State University using E. coli oligonucleotide set Fig. 1 . 3-HPA (reuterin) can adopt a number of different forms, as indicated in the main text. 3-HPA can react with water to form HPA hydrate or interact with itself to form HPA dimer (normally seen only at very high 3-HPA concentrations). 3-HPA can also undergo dehydration to form acrolein. version 1.0.1 (Operon), which contained probes specific for three E. coli strains, K-12 (MG1655), O157 : H7 Sakai and O157 : H7 EDL-933. Overnight cultures of E. coli were diluted 1 : 100 in 25 ml LB broth and grown to mid-exponential phase (OD 600 0.25) under hypoxic conditions (2 % O 2 ) with shaking at 250 r.p.m. Reuterin-containing cell-free supernatant was added to cultures to yield a final concentration of approximately 5 units reuterin ml 21 . This concentration is sufficient to slow growth of E. coli without being lethal. LB broth (26) was added at the same time to maintain the same nutrient concentration. Glycerol (250 mM) was added to identical cultures as controls. Cells were allowed to grow for one doubling before samples were taken for analysis. Sample preparation, RNA isolation using RNeasy RNA isolation kits (Qiagen), indirect cDNA labelling with Cy3-or Cy5-labelled aminoallyl dUTP, and slide hybridization were performed as described previously (Britton et al., 2002; Britton, 2003) . Slides were scanned on a GenePix 4000B scanner (Axon Instruments). Five biological replicates were analysed. Microarray data were analysed using iterative outlier analysis with three iterations, as previously described (Britton et al., 2002; Uicker et al., 2006) . Genes that had expression values three standard deviations or more away from the mean of the population were considered statistically significant.
Sensitivity of E. coli oxyR mutant strains to reuterin and hydrogen peroxide. E. coli strains JW3933-3 and BW25113 were grown overnight at 37 uC in LB broth and diluted to approximately 10 4 cells ml
. MIC assays were performed to test sensitivity of the cells to reuterin and hydrogen peroxide. To test sensitivity to reuterin, twofold serial dilutions of reuterin-containing cell-free supernatant samples were generated and combined with E. coli suspension as described above. To test sensitivity to hydrogen peroxide, twofold serial dilutions of hydrogen peroxide (Sigma-Aldrich) were prepared with water in 96-well 0.4 ml deep-well flat-bottomed plates (Nalge Nunc) in a total volume of 150 ml per well; the final concentration of hydrogen peroxide ranged from 1.2 mM to 1.2 mM. A 150 ml volume of the E. coli suspension was added to each well as described above. The 96-well plates were incubated aerobically at 37 uC overnight. Five biological replicates were analysed.
Mutant construction. Mutant L. reuteri ATCC 23272 and L. reuteri ATCC PTA-6475 strains for the glycerol dehydratase subunit c gene (pduC, also known as gupC) and the 1,3-propanediol oxidoreductase gene (dhaT) were constructed using the system developed by Russell & Klaenhammer (2001) and modified for use in L. reuteri (Walter et al., 2005; Whitehead et al., 2008) . To create the DpduC mutant strains, a 356 bp internal fragment (+37 to +392) was PCRamplified from the pduC gene in ATCC 23272 using primers LS74 (59-TGACTGGATCCTAACGGCCAATTCATCAAGATAC-39) and LS87 (59-TGACTGAATTCTTGATAGCCATAATCATTTCACC-39), and a 367 bp internal fragment (+43 to +409) was PCR-amplified from ATCC PTA-6475 using primers LS67 (59-TGACTGGA-TCCTAATTTGGTCCTGGTGTTATTGC-39) and LS89 (59-TGACT-GAATTCTCAATGGTGGAAGTGGATTC-39). The fragments were cloned into pORI28 to create plasmids pLS46 for ATCC 23272 and pLS47 for ATCC PTA-6475; these plasmids were then used to generate DpduC mutant L. reuteri strains PRB90 and PRB94, as previously described (Whitehead et al., 2008) . To create the DdhaT mutant strains, a 194 bp fragment (+43 to +236) was PCRamplified from the dhaT gene in L. reuteri ATCC 55730 using primers LS67 (59-TGACTGGATCCTAATTTGGTCCTGGTGTTATTGC-39) and LS68 (59-TGACTGAATTCTTCCGGATCTTAGGGTTAGG-39) and cloned into pORI28 to create plasmid pLS39. The dhaT gene sequence is 99 % identical among L. reuteri ATCC 23272, L. reuteri ATCC PTA-6475 and L. reuteri ATCC 55730, and therefore pLS39 (Schauer & Falkow, 1993) could be used to generate DdhaT mutants in both L. reuteri ATCC 23272 and L. reuteri ATCC PTA-6475 backgrounds to create strains PRB81 and PRB104, respectively.
Inhibition of free thiol groups. The reduction of Ellman's reagent, or 5,59-dithiobis-(2-nitrobenzoic acid) (DTNB) by free thiol groups releases 5-thio-2-nitrobenzoic acid (TNB; A max 412 nm) and can be monitored spectrophotometrically (Ellman, 1959) . Increasing amounts of reuterin produced from ATCC PTA-6475 were prepared in water in a final volume of 125 ml and then mixed with 8.3 ml 3 mM glutathione (GSH) and 108.3 ml 100 mM phosphate buffer, pH 7.0, in 96-well plates. After 1 h at room temperature, 8.3 ml 15 mM DTNB was added and A 412 was measured. Samples and standard curves were done in duplicate. Control reactions with no GSH had no absorbance. Iodoacetamide, which is an irreversible thiol-modifying compound, was assayed as a positive control. PRB94, the glycerol dehydratase (DpduC) mutant of ATCC PTA-6475, was used as a negative control.
HPLC. Reuterin was produced, and reuterin-containing cell-free supernatant from early stationary phase cultures of ATCC 55730 was prepared and concentrated fivefold under nitrogen. H 2 SO 4 was added to a final concentration of 10 mM. The samples were injected using a 200 ml loop and run through a 30067.8 mm Bio-Rad Aminex HPX-87H ion exclusion column at a flow rate of 0.6 ml min 21 at room temperature using 10 mM de-gassed H 2 SO 4 as eluent. Components were detected with Breeze software using model 2487 UV absorbance (210 nm) and 2414 refractive index detectors (Waters), before being collected in a 96-well plate (300 ml per well).
Co-incubation of L. reuteri with other bacteria. E. coli, B. subtilis and C. rodentium cells were grown in liquid culture for 24 h, pelleted, washed twice with 50 mM potassium phosphate buffer (pH 7.4), and resuspended in potassium buffer at approximately 50 mg cells ml 21 . The appropriate amounts of bacteria were combined with 150 mg L. reuteri cells in potassium buffer in a final volume of 15 ml in 15 ml screw-capped tubes. Cell mixtures were then pelleted, resuspended in 15 ml 250 mM glycerol, and incubated at 37 uC for 2 h. Reuterin was collected from the supernatants by pelleting the cells and filtering the supernatants through 0.22 mm pore-size filters (Millipore).
In order to determine whether the viability of E. coli was required for the increase in reuterin levels, E. coli cells were killed via heat or UV irradiation. For heat-killed E. coli, cells were boiled for 10 min. For UV-killed E. coli, cells were washed in 50 mM potassium phosphate buffer (pH 7.4) and diluted to approximately 10 8 cells ml
. Diluted cells in a Petri dish were then exposed to short-wave UV light at a distance of 1 cm for 60 s. Loss of viability of E. coli was confirmed by plating cells onto LB agar and incubating overnight at 37 uC. E. coli (50 mg) and L. reuteri (150 mg) were then combined, resuspended in 250 mM glycerol in a final volume of 15 ml, and incubated at 37 uC for 2 h as described above.
RESULTS
Exposure of E. coli cells to reuterin results in the increased expression of genes that encode proteins containing thiol groups and genes involved in the oxidative stress response
We were interested in identifying the mechanism of action by which reuterin exerts its antimicrobial effects. Using DNA microarrays to monitor E. coli gene expression we found that many genes involved in the oxidative stress response were induced in response to reuterin exposure.
E. coli cells were grown to mid-exponential phase under hypoxic conditions (2 % O 2 ) and exposed to a sublethal concentration of reuterin that caused a mild reduction in growth rate. Gene expression profiles of cells exposed to reuterin compared with those of untreated cells were determined using DNA microarrays. Table 2 lists the 33 genes whose expression was most strongly induced in response to reuterin exposure. A full list of the genes induced by reuterin is available in Supplementary Table  S1 . Many of the genes that were significantly overexpressed in reuterin-treated cells encode proteins that require thiol groups for their function (e.g. reductases). In addition, several genes that were induced by H 2 O 2 in E. coli were upregulated and are highlighted in Table 3 , including thioredoxin, glutaredoxin and hydroperoxide reductase (Zheng et al., 2001) . The gene most highly overexpressed in response to reuterin was bhs, which is also highly induced by exposure to H 2 O 2 ; bhs has been shown to be involved in stress resistance and biofilm formation in E. coli (Zhang et al., 2007) . yqhD, another gene highly expressed as a result of reuterin exposure, encodes an aldehyde reductase involved in protecting against harmful aldehydes produced by lipid peroxidation. Overexpression of yqhD increases the resistance of E. coli to the effects of reactive oxygen molecules (Perez et al., 2008) . Overall, genes regulated by hydrogen peroxide were eightfold over-represented in the genes that were induced by reuterin compared with what would be expected if 33 genes were selected randomly from the E. coli genome. These results indicate that reuterin is exerting an oxidative stress response upon cells, most likely by acting as a thiolmodifying agent in the aldehyde form.
An E. coli strain defective in the OxyR-mediated oxidative stress response is more sensitive to reuterin
Exposure of E. coli to reuterin induced the expression of several genes that are under the transcriptional control of the positive transcriptional regulator OxyR, which upregulates many genes in response to oxidative stress (including hydrogen peroxide). Disruption of the oxyR gene results in increased sensitivity to agents causing oxidative stress, notably hydrogen peroxide (Christman et al., 1985) . The expression profiles from E. coli exposed to reuterin overlapped significantly with profiles from E. coli exposed to H 2 O 2 , leading us to investigate whether DoxyR mutant cells are also more sensitive to reuterin. We found that an E. coli DoxyR mutant (JW3933-3) was four times more sensitive to reuterin than the isogenic wild-type parental strain as determined by MIC assay, further supporting the suggestion that reuterin is exerting oxidative stress. The same DoxyR mutant strain was eight times more sensitive to H 2 O 2 than wild-type cells, indicating that the degree of sensitivity to reuterin and H 2 O 2 is similar. These results suggest that reuterin induces oxidative stress in E. coli.
Addition of an exogenous thiol group can suppress the antimicrobial effects of reuterin
To further test if reuterin could interact with thiol groups we asked whether the addition of excess cysteine to media could inhibit the antimicrobial activity of reuterin. MIC assays for reuterin against E. coli were conducted in the presence of 600 mM cysteine. With the addition of cysteine, only the most concentrated level of reuterin (32 units ml
21
) was able to suppress the growth of E. coli, representing a 16-fold increase in the MIC value for reuterin with respect to E. coli without the amino acid added (2 units ml
). The addition of the amino acids valine or serine at 600 mM concentrations had no effect on reuterin activity, indicating that reuterin was interacting with the thiol group of cysteine and not the free amino group. We also confirmed the inhibition of reuterin activity by cysteine in a MIC assay using Clostridium difficile strain CD630. The ability of cysteine to detoxify reuterin further supports the hypothesis that reuterin induces oxidative stress through interaction with thiol groups.
Glycerol dehydratase is required for reuterin production
The glycerol dehydratase of L. reuteri is a cobalamindependent enzyme composed of three subunits (a, b and c) and catalyses the conversion of glycerol to reuterin (3-HPA). To assess whether this is the sole pathway for reuterin production in L. reuteri, we created a disruption in the pduC gene, which encodes the large subunit c of glycerol dehydratase in two L. reuteri strains, ATCC 23272, which is the type strain originally isolated from human faeces (Kandler et al., 1980) , and ATCC PTA-6475, which was isolated from breast milk and has been shown to possess immunomodulatory activity (Lin et al., 2008) . (Zheng et al., 2001) .
After overnight growth in MRS broth, DpduC mutant cells and wild-type cells were incubated in aqueous glycerol solution, and reuterin production was measured using both an adapted colorimetric assay (Doleyres et al., 2005) and a MIC bioassay (Chung et al., 1989) . The mutant strains did not produce any detectable reuterin according to either assay, demonstrating that glycerol dehydratase is required for reuterin production in L. reuteri (Fig. 2) .
These results confirm and extend those published by Morita et al. (2008) , in which the entire genomic region containing the genes encoding the three glycerol dehydratase subunits was deleted in L. reuteri strain JCM 1112 T , resulting in elimination of reuterin production capability.
We were also interested in determining if disruption of the dhaT gene, encoding 1,3-propanediol oxidoreductase, would lead to overproduction of reuterin. Reuterin is normally converted to 1,3-propanediol by 1,3-propanediol oxidoreductase. We created deletion mutants in strains ATCC 23272 and ATCC PTA-6475 by disrupting the gene encoding this enzyme and measured their ability to produce reuterin compared with wild-type cells. An increase in reuterin levels two-to eightfold over wild-type was observed for stationary-phase cells (Fig. 2) ; the difference in reuterin production between mutant and wild-type cells increased as cells moved into later stationary phase. Little or no difference in reuterin levels was observed between the DdhaT mutant and wild-type cells in exponential phase and early stationary phase.
Reuterin can inhibit free thiol groups in an in vitro assay
One proposed mechanism by which aldehydes cause stress in cells is via their ability to react with thiol and primary amine groups of proteins (Vollenweider & Lacroix, 2004) . Using an assay that detects the presence of free thiol groups, we investigated whether reuterin can directly modify thiol groups. Ellman's reagent (DTNB) contains a disulfide bond that can be reduced by free thiol groups, and has been used extensively to quantify free thiol levels in a variety of samples (Ellman, 1959) . DTNB reduction releases TNB, which can be monitored spectrophotometrically at 412 nm. Increasing amounts of reuterin produced from ATCC PTA-6475 were mixed with glutathione for 1 h prior to adding this mixture to Reuterin production in L. reuteri strains mutant for enzymes involved in glycerol metabolism. Inactivation of 1,3-propanediol oxidoreductase in strain PRB81 (DdhaT) produced higher levels of reuterin as compared with wild-type strain L. reuteri ATCC 23272 during late stationary phase, as measured by MIC assay in three replicate experiments. Inactivation of glycerol dehydratase (DpduC) in strain PRB90 resulted in no detectable reuterin production. Units reuterin ml "1 were determined from the fold dilution of the reuterin supernatant that was still able to inhibit the growth of E. coli in the MIC assay. Error bars, SD. These results were independently confirmed using the colorimetric assay (data not shown).
Ellman's reagent and monitoring TNB levels. Iodoacetamide, a compound that irreversibly interacts with thiol groups, was used as a positive control for thiol inhibition. The glycerol dehydratase (DpduC) mutant of ATCC PTA-6475 was used to control for any compounds other than reuterin that may affect this assay. Reuterin was able to inhibit the reduction of Ellman's reagent in a concentration-dependent manner, similar to iodoacetamide (Fig. 3) . The need for increased levels of reuterin to inhibit the reaction compared with iodoacetamide likely reflects the fact that the reaction of reuterin with thiol groups is reversible (see Discussion). As expected, the DpduC mutant did not produce any compound capable of inhibiting TNB production, demonstrating that the effect was specific to the production of reuterin.
Antimicrobial activity corresponds to the presence of reuterin and not acrolein Dehydration of reuterin generates the highly toxic compound acrolein (Vollenweider & Lacroix, 2004) . Although the conditions that we used to produce reuterin should result in a 3 : 1 ratio of HPA hydrate to reuterin, we wanted to rule out the possibility that small amounts of acrolein were producing the observed killing effect. Resting L. reuteri cells were incubated in aqueous glycerol to produce reuterin; the reuterin-containing supernatant was then subjected to HPLC to separate the components. Fractions were collected and tested for antimicrobial activity using the MIC bioassay and the ability to inhibit the reduction of DTNB by glutathione. The only two peaks detected in the supernatant corresponded to glycerol and reuterin. Antimicrobial activity and the ability to inhibit DTNB reduction were found only in the HPLC fractions that contained reuterin; we did not detect these activities with the fraction that would contain acrolein if present (Fig. 4) . This indicates that under our reuterin production conditions, L. reuteri cells are not producing levels of acrolein that are deleterious to cell growth.
Reuterin production is increased by interaction with a variety of bacteria
Reuterin production in L. reuteri is stimulated when cells are co-cultured with a variety of other microbes, including bacterial, protozoan and fungal species (Chung et al., 1989) . This indicates that interaction with other bacteria in the gastrointestinal tract may trigger reuterin production in vivo. To address the mechanism by which other bacteria stimulate reuterin production we asked whether or not co-culturing of the bacteria was required for this stimulation. We found that co-culturing is not necessary; direct interaction with other micro-organisms during incubation of L. reuteri in aqueous glycerol solution is sufficient to produce this stimulation. L. reuteri ATCC 23272 and E. coli DH5a were grown overnight to stationary phase, spun down to remove culture supernatant, and then mixed together in aqueous glycerol solution. Increasing amounts of E. coli DH5a incubated with L. reuteri produced a corresponding increase in reuterin levels (Fig. 5) . This increase was observed with up to six times the amount (in milligrams) of E. coli DH5a compared with that of L. reuteri. E. coli DH5a has no ability to produce reuterin on its own (data not shown). This stimulation was observed for all L. reuteri strains tested, including ATCC 23272, ATCC PTA-6475 and ATCC 55730. In addition to E. coli DH5a, stimulation of reuterin production was achieved by coincubation with a variety of bacteria, including B. subtilis, the mouse pathogen C. rodentium, enterohaemorrhagic E. coli and enteropathogenic E. coli (data not shown).
The viability of E. coli is not required for stimulation of reuterin production To address the mechanism through which E. coli increases reuterin production in L. reuteri, we tested whether the reuteri PRB94 cells, which have deletions of the pduC gene) were incubated in phosphate buffer with glutathione for 1 h, after which time Ellman's reagent was added and the amount of TNB produced was determined. There was no detectable TNB production when glutathione was omitted.
viability of the E. coli cells was necessary for stimulation of reuterin synthesis. E. coli DH5a cells were heat-killed either by boiling or by prolonged exposure to UV irradiation before incubation with L. reuteri in glycerol solution. Reuterin levels were measured by both MIC and colorimetric assays (Fig. 6 ). Full stimulation was observed using UV-killed E. coli but not the heat-killed cells (Fig. 6 ), indicating that although viability is not a requirement, treatment with extreme heat eliminates the ability of the E. coli to increase reuterin production.
DISCUSSION
The antimicrobial compound reuterin has been proposed to be important for the ability of certain probiotic L. reuteri strains to exert beneficial properties on their hosts. Here we present evidence that the broad-spectrum antimicrobial activity of reuterin is due to 3-HPA, which is predicted to be highly reactive towards thiol groups and primary amines. Microarray analysis of cells treated with reuterin indicated that cells were undergoing oxidative stress. Reuterin assays conducted with oxyR mutant strains demonstrated that the OxyR oxidative stress response was required for E. coli to most effectively resist the effects of reuterin. Exogenously applied cysteine, but not other amino acids, could counteract the effects of reuterin. This indicates that the interaction of reuterin with thiol groups but not with primary amines was responsible for the growth inhibition. These results all indicate that the bioactive component of reuterin is the aldehyde form interacting with thiol groups of small molecules and proteins, rather than the HPA dimer inhibiting ribonucleotide reductase as a competitive inhibitor. Previous work had suggested that the HPA dimer was not favoured as the bioactive component, since it is only found in concentrations of reuterin greater than 1 M and is a minor component at relevant antimicrobial concentrations (Vollenweider et al., 2003) . In addition, the inhibition of ribonucleotide reductase would activate a strong SOS response in E. coli, which was not observed in our global gene expression experiments. Fig. 4 . HPLC fractionation of L. reuteri supernatants. HPLC fractions of reuterin supernatant produced from L. reuteri ATCC PTA-6475 were assayed for inhibition of DTNB reduction by free thiol groups ($, A 412 ) and inhibition of E. coli growth (&, OD 600 ; from modified MIC assay). Pure reuterin and acrolein were run on the HPLC column and detected at 14 and 27.25 min, respectively (indicated by arrows), in agreement with earlier reports by others. Antimicrobial activity and thiol inhibition corresponded with reuterin but not acrolein. Fig. 5 . Reuterin production is increased by interaction with E. coli. Increasing amounts of E. coli DH5a incubated with L. reuteri ATCC PTA-6475 in glycerol solution produced increased reuterin levels. Reuterin levels were monitored by colorimetric change at A 560 , as described by Circle et al. (1945) , in three replicate experiments. The wild-type strain ATCC PTA-6475 was incubated with the increasing amounts of E. coli cells indicated on the x axis. The fold change over the reuterin levels produced by ATCC PTA-6475 in the absence of E. coli is represented on the y axis. Error bars, SD.
One concern regarding the use of reuterin as an antimicrobial agent is its ability to create the highly toxic compound acrolein by dehydration of reuterin. We verified that the antimicrobial activity that we were observing using our reuterin production conditions was in fact due to reuterin and not to other compounds such as acrolein. Using HPLC we determined that the bioactive component of reuterin was always associated with a peak corresponding to reuterin. Antimicrobial activity was not detected with the fraction that would contain acrolein. This result eliminates any concern that low levels of acrolein were contaminants of the reuterin preparations tested in this study.
The discovery that reuterin production or secretion can be stimulated by interaction with other bacteria suggests that L. reuteri utilizes reuterin to gain a competitive advantage in the intestinal tract. While previous work had shown that co-culturing produces this stimulatory effect (Chung et al., 1989) , we have demonstrated that simply mixing stationary phase L. reuteri with a number of other types of bacteria in a concentrated glycerol solution was sufficient. Because the bacteria were washed prior to being mixed together and viability is not required, we can mostly rule out the accumulation of a secondary metabolite as the mechanism of stimulation. The fact that heat-killed bacteria are not able to support reuterin stimulation while UV-killed bacteria retain this ability suggests that a heat-labile component is involved in the stimulation response. At this time we do not know if additional reuterin is being synthesized or the increase is due to more reuterin being released from the cell.
One issue concerning reuterin as an antimicrobial agent that would be bioactive against pathogens is the relatively high levels of reuterin required for killing activity in vitro. We estimate that approximately 1 mM reuterin is required to prevent bacterial growth in vitro, similar to concentrations that have been reported elsewhere (Cleusix et al., 2007; Spinler et al., 2008) . NMR analysis of the forms of reuterin present at different concentrations indicates that a 1 mM solution of reuterin would contain 750 mM HPA hydrate and only 250 mM of the bioactive aldehyde 3-HPA (Vollenweider et al., 2003) . The requirement for high levels of reuterin is likely due to the fact that reactions between thiol groups and aldehydes forming hemithioacetals are reversible. The 3-hydroxy substituent of reuterin also accentuates the electrophilicity of the aldehyde and therefore its propensity towards hydration, which explains, in part, why the HPA hydrate form predominates in vitro under aqueous conditions. Thus, the environment in which 3-HPA exists will greatly affect how much of the bioactive aldehyde form exists. At this time we do not know how conditions within the intestinal tract would influence the balance of the aldehyde and HPA hydrate forms.
It seems unlikely that L. reuteri would be able to produce such high levels throughout the intestinal tract and have a systemic killing effect on a pathogen. A more likely function of reuterin is perhaps to provide a localized antimicrobial effect in which production of reuterin could provide a competitive advantage in the intestinal tract. L. reuteri itself is highly resistant to the effects of reuterin and therefore could create a zone of growth inhibition to compete with other organisms in the gastrointestinal tract. Future studies using the mutants described in this manuscript will address the ability of reuterin to enhance colonization of L. reuteri as well as its role in evoking beneficial effects in animal models. Fig. 6 . Viability of E. coli is not required to induce higher levels of reuterin accumulation. Wild-type L. reuteri ATCC PTA-6475 cells were incubated in the presence of UV-killed or heat-killed E. coli cells and the levels of reuterin production were measured using the colorimetric assay (a) and MIC assay (b). Units reuterin ml "1 were determined from the fold dilution of the reuterin supernatant that was still able to inhibit the growth of E. coli in the MIC assay. The data presented are from three replicate experiments. Error bars, SD.
